Adsorption structure and electronic structure of ethylene on Pt 3 Ti(001) and PtTi 3 (001) intermetallic compounds surfaces are studied in terms of density functional calculations. In both intermetallic compounds, adsorption energy of bridge and hollow sites are larger than that of the atop sites. Moreover, obtained adsorption energy and the C-C separations at most sites on both intermetallic compounds are larger than those reported for Pt(111). Analyzing the surface LDOSs, it turns out that the bimodal density of states made by the occupied Pt d-states and unoccupied Ti d-states are effectively interact with the HOMO and LUMO of ethylene, which are bonding and anti-bonding states of the ³-bond between carbon atoms, and then leading the elongated C-C bond and large adsorption energy. Larger adsorption energy at bridge and hollow sites is also understood in the same way. Although we found out the possibility that the bimodal density of states realized in intermetallic compounds composed of early and late transition metals is effective for molecular dissociation reaction generally, no clear evidence indicating the experimentally reported higher catalytic activity of Pt 3 Ti than PtTi 3 and Pt in the ethylene hydrogenation is obtained in this study.
Introduction
Metals sometimes change their chemical and physical properties when alloying. Utilizing these "alloying effect" positively, in these days many researchers are trying to discover a novel alloy catalyst that has equivalent or superior catalytic performance than pure metals like Pt, Pd and so on. It has long understood that the catalytic activities are dominated by the electronic structure around the Fermi level (EF), because they interact with the highest occupied molecular orbital (HOMO) and/or lowest unoccupied molecular orbital (LUMO) of the adsorbate, and leads dissociation and recombination of molecules via electron donation or back-donation with them. Thus if we can figure out what kind of electronic structure exhibits a high catalytic activity, it would be a guide for the design of new catalysts.
Recently, Komatsu et al. reported that Pt 3 Ti and PtTi 3 intermetallic compounds show much higher catalytic activity than pure Pt for H 2 -D 2 equilibration. 1) No intermetallic compound showing higher activity than their component metals has been previously reported. More interestingly, they also reported that PtTi 3 did not catalyze the hydrogenation of ethylene at all, although Pt 3 Ti shows again higher activity than Pt. Mozo et al. investigated hydrogen dissociation on Pt(111) and Pt 3 Ti(111), and reported that Pt 3 Ti does not posses superior catalytic activity compared to Pt.
2) Ethylene hydrogenation on Pt surfaces has been studied extensively both experimentally 37) and theoretically. 813) But there are no theoretical research for ethylene adsorption on the Pt-Ti intermetallic compounds. Thus we investigated adsorption of ethylene on Pt 3 Ti and PtTi 3 intermetallic compounds in order to find out differences in their adsorption structures and electronic structures by means of density functional calculations.
Models and Calculations

Crystal structure and model surfaces
Crystal structure of Pt 3 Ti is L1 2 structure containing 4 atoms (3 Pt atoms and 1 Ti atom) in the unit cell, and the equilibrium lattice constant is 0.3906 nm. 13, 14) Because we are interested in and focusing on alloying effects on chemisorption of ethylene here, we study (001) surfaces, where both of Pt and Ti appear, for both compounds. A slab model consists of five atomic layers and a vacuum layer the thickness of which is equivalent to six atomic layers (1.172 nm) is used to represent the surface. 2 ffiffi ffi 2 p Â 2 ffiffi ffi 2 p periodicity for lateral direction is assumed to realize a lowcoverage situation in order to suppress interaction between adsorbate and to analyze unperturbed surface-adsorbate interaction. The edge lengths of the super-cell are then 1.105 nm and 1.953 nm for the lateral and vertical direction to the surface layer, respectively.
On the other hand, as shown in Fig. 1(b) , PtTi 3 crystalizes in A15 structure with the lattice constant 0.5033 nm. 15) Each atomic layer normal to [001] direction is composed of one Pt atom and two Ti atoms separated by a half of the lattice constant. Surface of PtTi 3 is also represented by a slab with five atomic layers and a vacuum layer of 1.006 nm. For lateral direction of the super cell, 2 © 2 periodicity, meaning the edge length is 1.006 nm, is assumed for the same reason mentioned above.
Calculations
Density functional calculation together with generalized gradient approximation 16) is carried out using Vienna abinitio simulation package. 17, 18) Projector-augmented wave potentials 19, 20) are used for describing effective interactions between electrons and ionic cores. Wave-functions are expanded by plane waves up to a kinetic energy of 274 eV. The Brillouin zone is sampled at 7 © 7 © 1 Monkhorst-Pack k-point grid for both Pt 3 Ti and PtTi 3 systems. The plane wave cut-off energy and k-point mesh were checked by comparing the adsorption energy of several adsorption configurations with results calculated using 30% higher cut-off energy or denser k-point grid (10 © 10 © 1). A typical energy difference with the results using higher cut-off energy is 0.01 eV, and the difference with those using denser k-point grid is 0.001 eV. A single ethylene molecule adsorb on one of the two exposed surfaces with its C=C bond parallel to the surface. We tried several initial position and orientation for the ethylene molecule to find out stable adsorption structure. The atomic positions of both ethylene and the surface except for the topmost layer of the non-adsorbed side are relaxed according to calculated Hellman-Feynman force with no symmetry constraint. The ionic relaxation loop was assumed to reach convergence when the change in the total energies of the last two steps is smaller than 1 meV.
The adsorption energy is defined in this paper as
Values from literatures are modified along this definition for direct comparison.
Results and Discussions
We listed obtained adsorption structure of ethylene on Pt 3 Ti(001) and PtTi 3 (001) in Table 1 . The letters A-D stand for the adsorption configurations on Pt 3 Ti plotted in Fig. 2(a) , whereas the letters E-K plotted in Fig. 2 0) and F(0) adsorption configurations. As found in these figures, surface atoms sometimes protrude from the surface layer as a result of interaction with the adsorbate. In most cases ethylene adsorbed with the C-C bond parallel to the surface, but in some cases it is inclined. The inclined molecules are marked by an asterisk after the C-C bond angle. In these cases, we adopted the length between the topmost surface atoms and the center of the C-C bond as the adsorption height. We also found several adsorption structures, where ethylene is slipped off the high symmetry position, but we do not discuss details of these structures in this paper, since they seems to be essentially the same as the structure listed in the table.
Ge and King studied chemisorption of ethylene on Pt(111) by first-principles calculations, and reported that ethylene favors to adsorb at the bridge site between neighboring Pt atoms.
10) The reported adsorption energy, C-H and C-C bond length are ¹1.26 eV, 0.109 nm and 0.148 nm respectively for the bridge site, whereas ¹0.55 eV, 0.109 nm and 0.140 nm for the atop site. Basaran et al. also reported comparable values for the bridge site adsorption.
13) The in-plane atomic densities of Pt(111), Pt 3 Ti(001) and PtTi 3 (001) are different, but in both Pt 3 Ti(001) and PtTi 3 (001) there are Pt-Ti bridge sites having comparable atomic separation with the Pt-Pt bridge on Pt(111) surface. The Pt-Pt separation of bridge site of Pt (111) is 0.277 nm, whereas the Pt-Ti separation in Pt 3 Ti(001) and PtTi 3 (001) surfaces are 0.276 nm and 0.281 nm, respectively. The D(90) configuration in Table 1 represents the Pt-Ti bridge adsorption on Pt 3 Ti(001). Although ethylene was not stabilized at the center of Pt-Ti bridge on PtTi 3 (001), we obtained similar adsorption structures K(0), K(13) and K(161) adsorbed near the bridge site. The C-C bond of ethylene is not alignment with Pt-Ti direction though, we suppose that ethylene at these sites on PtTi 3 (001) are stabilized by essentially the same mechanism with that at the D(90) site on Pt 3 Ti(001), because they have comparable C-C, C-H bond lengths and adsorption energy. The adsorption energy of D(90), K(0), K(13) and K(161) are comparable to that of the bridge site on Pt(111), but the C-C distance of ethylene on both Pt-Ti intermetallic compounds are largely elongated than that on Pt(111), and gas phase ethylene (0.134 nm). The C-C bond elongation will be discussed later.
As for atop adsorption: A(0), B(0), E(90), F(0), F(90), one can find that ethylene earns adsorption energy on both Pt-Ti intermetallic compounds than Pt(111) except for F(90) configuration. Moreover, as well the bridge adsorption cases, the C-C bond length of ethylene on both Pt-Ti intermetallic compound surfaces are longer than that on Pt(111) surface except for the A(0) configuration on Pt 3 Ti(001). Interestingly, the magnitude relationship in the adsorption energy and the C-C separation of Pt-atop and Ti-atop sites is the opposite for Pt 3 Ti(001) and PtTi 3 (001) surfaces, meaning Pt-atop (B) configuration has large adsorption energy and C-C separation than those of Ti-atop (A) configuration on Pt 3 Ti, but those of Ti-atop (E) configuration is larger than those of Pt-atop (F) configuration on PtTi 3 . In order to reveal the underlying reason, we analyze the orbital-decomposed local density of states (LDOSs) of the metallic surfaces and ethylene. Figures 35 show the LDOS for A(0) and B(0) configurations on Pt 3 Ti and F(0) configurations on PtTi 3 (a) before and (b) after the ethylene adsorption. Blue, green and brown lines denote the LDOS of ethylene, surface Pt and Ti atoms, respectively. Note that we only give the LDOS of surface metallic atoms, which are closest to the carbon atom in ethylene, since in most cases the interaction between ethylene and the second closest surface atom is not significant because of the larger atomic separation. The atomic distance between the carbon and surface atoms are given in Table 2 with the adsorption energy and C-C distance again. At the site A(0) on Pt 3 Ti, one can find that hybridization has occurred between the LUMO of ethylene and unoccupied d-states of the surface Ti atom, but it is not so significant due to the large energy separation between ethylene LUMO and d-states of Ti. The HOMO of ethylene does not strongly interact with unoccupied d-states of Ti due to inconsistency of the symmetry, and also it does not interact strongly with occupied d-states of Pt due to relatively large atomic distance (0.339 nm) between them. Main peaks of ethylene molecular orbitals then remain those positions even after the adsorption. On the other hand, in B(0) configuration on Pt 3 Ti, it is found that the occupied states of ethylene including the HOMO are strongly hybridized with the occupied d-states of Pt, and the highest two peaks almost disappear after adsorption. The hybridization is significant especially with d z 2 Àr 2 and d zx orbitals of Pt because of the orbital shapes and symmetries of the occupied states of ethylene and the Pt d-states. The hybridization between occupied states of ethylene and dstates of surface Pt causes an upward shift of the molecular orbitals. And then a part of molecular orbitals goes above the Fermi level (EF), leading a charge donation from ethylene to surface. On the other hand, the peak of the LUMO of ethylene also disappears after adsorption, implying hybridization between the LUMO and widely distributed unoccupied s-states of Pt. This hybridization in this case causes a downward shift of the LUMO below EF, leading a backdonation from surface to ethylene. Because the HOMO and LUMO of ethylene are a bonding and anti-bonding orbitals of ³-bond between carbon atoms respectively, the donation from the HOMO and back-donation to the LUMO makes the ³-bond connecting carbon atoms weak, and it leads the C-C bond elongation.
The opposite trend found in the atop adsorption on Pt 3 Ti and PtTi 3 , namely the trend that ethylene is stabilized at the Pt-atop in Pt 3 Ti, but at the Ti-atop in PtTi 3 , can be understood as follows. In Pt 3 Ti, since Pt d-states are widely distributed below EF, those hybridize with occupied states of ethylene efficiently, whereas interaction between unoccupied orbitals of ethylene and Ti d-states are relatively small, because Ti d-states are localized due to the absence of neighboring Ti atoms. Therefore the Pt-atop can be stable than the Ti-atop on the Pt 3 Ti surface. Reversely, in PtTi 3 , Ti d-states forms relatively wider band contrary to the previous case, and in this case the Ti-atop site can be a stable adsorption site than the Pt-atop site. Namely, the d-bandwidth of Pt and Ti, which is mainly determined by the chemical composition, determines the stable adsorption site for ethylene. A majority atom showing wide bandwidth provides a stable adsorption site in these compounds. Here, note that only the wider d-bands of the majority atom is not essential for stabilization of ethylene and the C-C bond elongation. If it was, ethylene should gain larger adsorption energy on Pt(111) than on Pt-Ti intermetallic compounds. The essential point is that there are two completely different elements (Pt and Ti) that the d-bands of one of them can hybridize strongly with the occupied states of ethylene and that of the other one can hybridize with unoccupied states of ethylene. Namely, the bimodal density of states distributing across the EF is essential. In other words, combination of the early and late transition metals produces the highly active sites for ethylene adsorption. As we pointed out above, ethylene earns larger adsorption energy on the atop site on both intermetallic compounds than on Pt(111) except for the F(90) configuration on PtTi 3 . This trend is not found only in the atop sites, but also in the bridge and hollow sites. This is because ethylene can interact with both Pt and Ti on these intermetallic compounds at these intermediate positions.
The effect of the d-bandwidth originated from the chemical composition may be confirmed when comparing the B(0) configuration on Pt 3 Ti and F(0) configuration on PtTi 3 . Pt and Ti atoms are located as the first and second neighboring atoms for both adsorption sites, respectively. As shown in Table 2 the separations between the adsorption site and the first and second neighboring atoms are comparable for both sites, but the adsorption energies of these sites are quite different. Because the surrounding geometrical arrangement is similar for both sites, the difference should be explained as a difference derived from the electronic structure. Comparing the d-band structure of the surface Pt atom shown in Fig. 4(a) and Fig. 5(a) , it is clearly found that the Pt d-band of the F(0) configuration on PtTi 3 has disadvantages for ethylene adsorption that the narrow band and the position being away from the HOMO level of ethylene.
Although we have paid attention to the first neighboring atoms so far, the effect of the second neighboring atom is also find in the obtained results. Pt is the first neighboring surface atom for both F(0) and F(90) configurations on PtTi 3 . In spite of the small difference in the separation between the Pt atom and these adsorption sites (0.006 nm), the adsorption energy of the F(0) site is twice as large as that of the F(90) site. Since the d-band width and its position of the Pt atom is also equivalent for both F(0) and F(90) sites, the difference in the adsorption energies is presumably derived from the second neighboring Ti atoms, the position of it more precisely.
Komatsu et al. reported that both Pt 3 Ti and PtTi 3 intermetallic compounds have higher activities than Pt towards the dissociation of hydrogen. Occupied d-states of Pt and unoccupied d-states of Ti supposedly interact with the HOMO and LUMO of the hydrogen molecule as well. Thus, similar with the above discussion, it is expected that the bonding and anti-bonding character of the molecular orbitals of the hydrogen would be suppressed through interaction with the bimodal states produced by the Pt-Ti intermetallic compounds, and it leads the dissociation of hydrogen. Intermetallic compounds composed of early and late transition elements may be catalytically active for molecular dissociation generally.
Komatsu et al. also reported that Pt 3 Ti exhibits a higher activity than Pt towards the hydrogenation of ethylene, but PtTi 3 did not catalyze the hydrogenation of ethylene at all. They mentioned that in this case Ti-Pt pair sites are not able to activate both ethylene and hydrogen. As an overall tendency, the adsorption energy of ethylene on both Pt-Ti intermetallic compounds is larger than Pt, but we did not find out any clear evidence showing superiority of Pt 3 Ti for the hydrogenation of ethylene than PtTi 3 . Mozo et al. studied the adsorption of hydrogen on Pt 3 Ti surface using the firstprinciples calculation.
2) For the sake of complete understanding of the catalytic reactions on these intermetallic compounds, theoretical study for the hydrogen dissociation on these Pt-Ti intermetallic compounds with pre-adsorbed ethylene is required.
Summary
Adsorption of ethylene on Pt 3 Ti(001) and PtTi 3 (001) intermetallic compounds surfaces is studied in terms of the density functional calculation. In most cases, ethylene adsorb with the C-C bond parallel to the surface. For both intermetallic compounds, adsorption energy of bridge and hollow sites are larger than that of the atop sites. Moreover, obtained adsorption energy and the C-C separations at most sites on both intermetallic compounds are larger than those reported for Pt(111). Analyzing the surface LDOSs, it turns out that the bimodal density of states made by the occupied Pt d-states and unoccupied Ti d-states are effectively interact with the HOMO and LUMO of ethylene, and then leading the elongated C-C bond and large adsorption energy. Larger adsorption energy at bridge and hollow sites is also understood in the same way. As for atop adsorption, a correlation between the adsorption energy and chemical composition was found, meaning that larger adsorption energy is obtained at the Pt-atop site in Pt 3 Ti, but at the Tiatop site in PtTi 3 . The widely distributed d-states of the majority element seem to contribute to stabilize the adsorbed ethylene. We mentioned effectiveness of the bimodal density of states realized in Pt-Ti intermetallic compounds for the hydrogen dissociation reaction reported by Komatsu et al. Intermetallic compounds made of a combination of early transition metal and late transition metal can be a good catalyst for molecular dissociation in general. However, no clear evidence indicating the higher catalytic activity of Pt 3 Ti than PtTi 3 and Pt in the ethylene hydrogenation is found out in this study.
